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Arctic sea ice extent decreased considerably along with the ice cover becoming
thinner and more seasonal during the last decades. These observed changes have a
strong impact on interactions between atmosphere and ocean and thus play a major
role in Earth’s climate system.
Until now, it is not possible to quantify shortwave energy fluxes through sea ice
sufficiently well over large regions and during different seasons. In order to obtain
Arctic-wide estimates of solar radiation under sea ice, new methods are necessary.
In this thesis, an upscaling method combining a newly developed parameterization
of light transmittance and remote sensing and reanalysis data is presented.
The main result suggests that 96% of the total annual solar heat input under Arctic
sea ice occurs in the time from May to August, hence in the course of only four
months of the year. Sensitivity studies indicate that once the melt season begins two
weeks earlier, an increase by 20% of the total annual solar heat input through sea
ice is shown. Therefore, the transition period from spring to summer, particularly
the timing of the melt season, substantially affects the light availability under ice.
Furthermore, a more seasonal ice cover and a higher melt pond coverage lead to
higher fraction of solar radiation being transmitted through the sea ice in summer.
This positive correlation between enhanced melting and increasing transmittance
can be described as ’transmittance-melt feedback’.
Assuming an ongoing ice thinning, the transmittance-melt feedback results in a
further increase in transmitted and absorbed heat fluxes. Changes in timing and
amount of light penetrating through Arctic sea ice might also influence melt season,
biological and geochemical processes as well as basal and internal melt and freeze
rates. These positive feedbacks affect the mass and energy budget of sea ice and
alter crucially the interaction of atmosphere and the upper ocean.
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1 | Introduction and motivation
1.1. Sea ice: A component of the climate system
Earth’s climate system is modeled by decomposition into its major constituents at-
mosphere, ocean, biosphere, pedosphere and cryosphere and their coupling. Inter-
actions between atmosphere and the ocean, which covers about 70% of the Earth’s
surface [Lutgens et al., 1995], are crucial to the whole system. Their mutual ex-
change of energy and matter determines environmental conditions. The interac-
tions involving the ocean depend substantially on its surface conditions, including
a possible sea ice cover at higher latitudes of both hemispheres. Sea ice covers
approximately 7.3% of the Earth’s surface and 11.8% of the total ocean surface
[Weeks, 2010]. As sea ice cover alters the interaction between atmosphere and the
underlying ocean, understanding its effects through various spatial scales is neces-
sary [Kwok & Untersteiner, 2011].
During the phase transition from liquid sea water to the solid state of sea ice, the salt
dissolved in the sea is not incorporated into the newly formed ice, but rather stored
in brine pockets which make the sea water saltier. Sea ice salinity is just about 3
to 12. Hence, sea ice formation increases salinity and density of the upper ocean
layer, it leads to an unstable vertical density stratification, which in turn drives
convective mixing (thermohaline circulation). Conversely, sea ice melting leads to
significant fresh water input to the upper ocean layer, stabilizing the stratification
and reducing convection. [Perovich & Richter-Menge, 2009]. Thus, sea ice plays a
central role in vertical current pattern formation. Sea ice motion driven by wind
and ocean currents thereby acts as engine of freshwater redistribution in the Arctic
ocean. In addition, this fresh water input implies a strong negative latent heat flux
for the region. Hence, sea ice is not only driving and changing oceanic currents but
alters also atmospheric fluxes in interconnections [Perovich & Richter-Menge, 2009;
Harder et al., 1998].
Sea ice insulates relatively warm ocean water from the cold lower atmosphere and
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thus, decreases latent and sensible heat exchange. A thin layer of ice already ef-
fectively disrupts the heat flux (down to 10Wm−2), whereas it can rise to up to
1000Wm−2 during summer time in regions without complete ice cover [Maykut,
1978, 1986].
In addition, the mostly snow-covered sea ice is characterized by high backscattering
of sunlight (albedo). Incoming shortwave radiation is mostly absorbed by the ice-
free ocean but in large parts reflected by sea ice. Studies examining the annual cycle
of Arctic sea ice albedo have been carried out by Perovich et al. [2002] and Perovich
& Polashenski [2012], taking into account thinner seasonal ice and thicker multi
year ice separately. For both categories, the spring to fall albedo is predominantly
governed by snow cover and melt pond fraction on top of the sea ice. Reflectivity
of sea ice, or its deduced transmittance, and total incoming radiation determine
the under ice radiative fluxes. Transmitted solar heat input eventually accounts for
warming of the upper ocean and melting at the bottom of the ice cover, and con-
trols oceanic biological activity as the primary forcing. Systematic measurements
of radiative fluxes and the derived optical properties of sea ice, though limited in
temporal and spatial coverage, have been reported from fields campaigns, including
the Surface Heat Budget of the Arctic Ocean (SHEBA) field experiments (1997-
1998) [Perovich, 2005], the Transpolar Drift (Tara) in 2007 [Nicolaus et al., 2010a]
and the transpolar cruise TransArc in 2011 [Nicolaus et al., 2012]. The transmitted
solar heat input is finally available for warming of the upper ocean as well as for
melting at the bottom of the ice cover and has a major bearing on oceanic biological
activity as the primary productivity [Nicolaus et al., 2010a].
The variety of processes related to sea ice alludes to its importance in Earth’s
climate system. Additionally, sea ice serves as an indicator for ongoing climate
change, for its sensitive reaction even to small changes regarding ocean or atmo-
sphere. Locally restricted changes in sea ice configuration translate to an altered
global climate through the worldwide atmospheric and oceanic circulations. The
respective phenomena related to changes in global climate are subsumed as Arctic
amplification, referring to the warming of the Arctic proceeding twice as rapidly as
the average warming over the whole Northern hemisphere in the course of the past
decade [Francis & Vavrus, 2012]. Some of the feedback processes involved therein, as
well as implications of altered exchange behaviour at the ocean-atmosphere bound-
ary, are presented in the following. Modifications of circulation dynamics are briefly
discussed.
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1.2. Changes in sea ice extent and sea ice age during
the last decades
As outlined above, sea ice is quite sensitive to changes in the atmosphere and the
ocean. Considering the trend of sea ice extent over the past 35 years a significant
decrease in March (month of sea ice maximum) and September (month of sea ice
minimum) is obvious as shown in Figure 1.1. The sea ice extent is defined as the
area of sea ice concentration bigger than 15%. This decrease in sea ice extent is
related to different large-scale processes, e.g. global warming, changes in incoming
radiation and changes in ocean circulation [Serreze et al., 2007], lead to increased
sea ice melting due to the positive ice-albedo-feedback [Perovich & Richter-Menge,
2009]. Due to higher temperatures sea ice is melting and thus the total Arctic albedo
is decreasing. Consequently, more solar heat input is absorbed and the melting en-
hances. In addition to this, the enhanced melting changes sea ice surface properties
determining its reflectivity. Thus, the snow cover is reduced but the fraction of
bare ice and melt ponds is increasing immediately. These positive feedbacks are of
interest for Earth’s climate system as a whole, for they can amplify small regional
perturbations to have global impact.
When considering the evolution of sea ice, however, not only sea ice extent is to be
studied, but sea ice thickness and age need to be examined. Figure 1.2 illustrates
how the fractions of different ice types in the Arctic developed over time whereas
the Arctic sea ice today is much younger than 30 years ago (1983: about 45% multi
year ice, 2011: about 25% multi year ice). Furthermore, it is obvious that ice older
than four years disappeared in 2011 almost complete. Particularly drastic is the
record minimum in 2007, when the Arctic lost a significant portion of multi year
Figure 1.1.: Annual averaged anomalies of the sea ice extent in the Arctic (60◦
to 90◦N) in March (sea ice maximum, black line) and September (sea
ice minimum, red line) relative to the period mean from 1979 to 2007
[Richter-Menge et al., 2011].
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Figure 1.2.: Development of sea ice age from 1983 to 2011. Classification in first
year ice (purple) and multi year ice (blue, green, yellow, white) [NSIDC,
2012].
ice. Reasons had been strong ice melting and exporting (through Fram Strait) pro-
cesses [Smedsrud et al., 2008] as well as strong winds across the Arctic summer and
warm air imported from the Pacific connected to higher ice drift velocities [Hakki-
nen et al., 2008; Kay et al., 2008].
The observed changes of Arctic sea ice over the entire last two to three decades have
a strong impact on interactions with the atmosphere and ocean. Due to a more
seasonal ice cover the transmitted and absorbed solar shortwave radiation (light)
increases significantly. These changes influence sea ice melt as well as biological
and geochemical processes in and under Arctic sea ice.
Finally, it is shown that a lot of processes in the coupled system of atmosphere,
ocean and sea ice are involved to get an idea of the solar heat input into the ocean
and its global impact for all components of the Earth’s climate system.
1.3. Background and motivation for this thesis
The preceding sections gave an overview about the importance of sea ice as an
boundary layer between the climate system components ocean and atmosphere. It
is shown that sea ice has been evolving towards a thinner and younger sea ice cover
especially during the last few decades. The decrease in sea ice extent at this point
is also mostly reflected in a strong reduction of thick and older sea ice. Thus, the
fraction of seasonal sea ice increases resulting in less snow on top of the sea ice,
a thinner sea ice layer in general, more trapped salt and a less deformed sea ice
cover. Finally, the optical properties of sea ice are affected crucially by these de-
scribed changes. Major impacts include the reduction of reflectivity towards the
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atmosphere and hence an increase in light absorption in the ice layer and an in-
creasing transparency towards the ocean. These components are major factors for
feedback processes such as the ice-albedo-feedback (see section 1.2). Consequently,
a detailed understanding is highly relevant to modeling the energy budget in polar
regions in climate models.
Concerning the reflectivity of sea ice and its changes during the last decades dif-
ferent studies have been set up performed e.g. by Perovich et al. [2002]; Perovich
& Polashenski [2012]. These studies give an excellent overview about changes of
energy fluxes concerning different kinds of ice types and associated changes in solar
heat input into the Arctic Ocean. This raises the question how these changes in
surface properties affect the transmittance of sea ice and thus, how radiative fluxes
under Arctic sea ice changed during the last decades. In this context, it is not suffi-
cient to understand averaged modifications of radiative fluxes, but rather necessary
to gain insights into spatial and temporal variation of solar radiation under different
ice types, in order to understand implications for the sea ice mass balance, bottom
and basal melting as well as biological and geochemical processes.
The operation of a remotely operated vehicle (ROV) enables metering transmitted
light under Arctic sea ice. During the transpolar cruise in 2011 with the German
research vessel RV Polarstern a ROV has been deployed under mostly snow-
free ice of different categories, e.g. varying sea ice age and surface properties (melt
ponds/ bare ice). Based thereon, transmittances for first year and multi year ice and
in dependence on meld pond fraction have been estimated. This, however, applies
to summer conditions only. Additionally, there are not enough and sufficiently well
observations of light transmission over larger regions and during different seasons
of the year.
In Nicolaus et al. [2012] a first upscaling method for the transmitted light distri-
bution for the entire Arctic has been shown (see Chapter 3.2). Both the summer
transmittances for ponded and white first and multi year ice and different satellite
and re-analysis products have been used to set up a parametrization of light trans-
mittance through different ice classes which is based on calculations of Perovich
et al. [2011] concerning the albedo distribution. This parametrization gives no in-
dication of the seasonality of the transmittance and solar heat input through the
Arctic sea ice for an entire year. Accordingly, this thesis is focused on establishing
the seasonal dependence of the transmittance of different ice types. Furthermore,
the sensibility of sea ice transmittance regarding the influence of timing and length
of the melt season has to be verified. These changes are already observed in our days
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and will be become more and more interesting for the next few years. Consequential
effects might be enhanced modifications of the thermohaline circulation and thus,
variations in processes concerning sea-ice-air interactions as well as changes related
to biological activities in the polar ocean.
Given the initial situation outlined above, the following questions will be covered
by this thesis:
1. How much light is transmitted through different kinds of sea ice during dif-
ferent seasons of the year?
2. To what extent has under ice light availability changed over the last decades?
3. How will radiative fluxes through Arctic sea ice be affected by observed and
projected climate change phenomena?
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2.1. Optical sea ice properties
Optical properties of sea ice are distinguished into inherent and apparent material
properties. Inherent optical properties define the scattering and absorption for
snow and sea ice and impurities (material properties). In turn, apparent optical
properties depend on both inherent optical properties and the ambient light field
(apparent properties) [Briegleb & Light, 2007]. These properties determine mainly
the surface energy balance of the Arctic sea ice cover, described in the subsequent
section (Section 2.3).
2.1.1. Inherent optical properties
Absorption and scattering by snow and ice determine the spatial and temporal dis-
tribution of solar heating in the atmosphere-ice-ocean system.
Absorption in sea ice can be described as the capture of energy or rather light
by salt pockets, sediments, soot, algae or enclosed water bubbles. It decreases ex-
ponentially with the penetration depth of the radiation in sea ice and is strongly
dependent on the radiation flux. The absorbed energy may be re-radiated as heat
whereas the measurement follows in terms of the absorption coefficient [Perovich,
1996].
If radiation or energy is deflected from its normal path due to interaction with the
matter, this is called scattering. Sea ice comprises air bubbles and brine pockets
and partially solid impurities. Since the difference between the indices of refraction
for these inclusions and the surrounding ice are quite are quite large, the inclu-
sions act as effective scattering centers. Light scattering can be described by the
scattering coefficient and the phase function, as long as polarization effects are ne-
glected. The former coefficient describes the energy dissipation from a light beam
due to scattering and has the dimension of a cross section. An increased number of
scattering centers is associated to a higher scattering coefficient. The phase func-
7
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tion on the other hand describes the angular dependence of energy redistribution
by scattering, and can be thought of as a probability density for scattering into a
given solid angle interval, when properly normalized. In contrast to the wavelength
dependent absorption coefficient of sea ice and brine, both, the scattering coefficient
and its phase function can, to leading order, be taken to be constant for light in
the visible spectrum. This can be understood to reflect the fact that the scattering
structures are much larger than the wavelength of the incident radiation. [Perovich,
1996].
All in all, scattering affects the amount of the given spectrum whereas the absorp-
tion entails changes concerning its shape.
2.1.2. Apparent optical properties
The described inherent and microscopic properties result in macroscopic (apparent)
optical properties of sea ice. These specify the energy flux and morphology under
the Arctic sea ice cover. Apparent optical properties are the albedo and trans-
mittance [Perovich, 1996] which are important for the present thesis and hence
explained in the following.
The albedo describes the visible reflecting power of a surface. The literature and
science distinguishes between spectral and total albedo [Perovich, 1996]. The spec-
tral albedo α(λ, t) is defined as the ratio of reflected radiation from the surface and





with Eu,λ(λ, t): upwelling irradiance [Wm−2] and
Ed,λ(λ, t): downwelling irradiance [Wm−2].
Since the total solar energy absorbed by the ice and ocean is for sea ice thermody-







Hence, the total albedo depends on the spectral albedo of the surface as well as
on the spectral distribution of the incident radiation. The Arctic sea ice cover
is characterized by different surface conditions varying with time and space: i.e.
snow-covered ice, bare white ice, melt pond or open water. This variability is also
shown in the total albedo values for this region which ranges from 0.06 for open
water, 0.15 to 0.4 for ponded ice, 0.77 to 0.87 for snow-covered ice, as shown in
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Figure 2.1.: Range of observed values of total albedo for sea ice [Perovich, 1996].
Figure 2.1 [Perovich, 1996].
The light transmission through sea ice is described by the spectral transmit-
tance τ(λ, t). It is defined analogously to the albedo as the fraction of the incident





with ET,λ(λ, t): transmitted downwelling irradiance [Wm−2] and
Ed,λ(λ, t) : surface downwelling irradiance [Wm−2].
Also for the transmittance the wavelength-integrated quantity (total transmittance)









The spectral distribution of transmitted light through Arctic sea ice is also strongly
depended on the surface conditions of the ice cover but also on the physical com-
position of the ice as well as its thickness. Figure 2.2 gives an overview about the
influence of different surface properties on the transmittance of sea ice. The previ-
ously described inherent property of scattering seems to have the main impact on
the transmittance behavior. It has been shown that optical thick snow due to scat-
tering effects can reduce the transmittance through the ice cover to less than 1%.
On the other hand, melting snow as well as the presence of melt ponds decrease the
scattering effect and thus increase the transmittance [Perovich, 1996].
2.2. Calculation of radiative fluxes under Arctic sea ice
For the here presented study the total solar heat input through an unit area to the
ocean through ice, melt ponds and areas of open water is the sum of the solar heat
9
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Figure 2.2.: Influence of surface conditions on light transmittance through Arctic sea
ice. In all cases the ice thickness was 1.85m. Surface conditions were a)
blue ice covered by 0.25m of melting snow, b) blue ice covered by 0.12m
of melting snow, c) white ice and d) blue ice covered by a 0.05m melt
pond. [Perovich, 1996].
input through each single component. This can be expressed as follows:
ET (t) = Ei(t) + Emp(t) + Eo(t) (2.5)
with ET : transmitted solar radiation at the bottom of the ice [Wm−2],
Ei : transmitted solar radiation through white ice [Wm−2],
Emp : transmitted solar radiation through melt ponds [Wm−2] and
Eo : transmitted solar radiation through the ocean [Wm−2],
t : time,
whereas each component is calculated as
Emp(t) = Ed(t) · Ci(t) · Cmp(t) · τmp (2.6)
Ei(t) = Ed(t) · [Ci(t)− Ci(t) · Cmp(t)] · τi
= Ed(t) · Ci(t) · [1− Cmp(t)] · τi (2.7)
Eo(t) = Ed(t) · [1− Ci(t)] · τo, (2.8)
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with Ed : downwards surface solar radiation [Wm−2],
Ci : sea ice concentration [m2m−2],
Cmp : melt pond fraction on sea ice [m2m−2],
τi : transmittance of ice,
τmp : transmittance of melt ponds and
τo : transmittance of open water (ocean), τo = 0.93 [Perovich, 1996].
Substituted in equation 2.5, the solar heat input to the ocean through the
entire system including open water results to
ET (t) = Ed(t) · [Ci(t)− Ci(t) · Cmp(t)] · τi
+ ES(t) · Ci(t) · Cmp(t) · τmp
+ Ed(t) · [1− Ci(t)] · τo.
(2.9)
For the here presented calculations and studies mostly just the fluxes through the
ice and melt ponds excluding the input to the open water are considered. This
results in the following equation of the solar heat input to the ocean through
ice and melt ponds
ET (t) = Ei(t) + Emp(t) + Eo(t)
ET (t) = Ed(t) · [Ci(t) · (1− Cmp(t))] · τi
+ Ed(t) · Ci(t) · Cmp(t) · τmp.
(2.10)
In the case of no information about the melt pond fraction on the sea ice surface
the transmittance of sea ice is set to a mean value of a mixed system of ice and
melt ponds, so the solar heat flux results as
ET (t) = Ed(t) · Ci(t) · τi,s (2.11)
with τi,s : transmittance of the mixed system of ice and melt ponds.
Arctic-wide sea ice transmittance
Using the equations from above it is possible to estimate the radiation flux (mean,
total or modal values) through the Arctic sea ice cover over the entire Arctic as
well as the resulting mean transmittance. The mean transmittance of Arctic sea
ice is defined as the fraction of solar heat input through Arctic sea ice and the solar
heat input over the ice cover (see Section 2.1.2). In the following, the Arctic region
11
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is defined to include latitudes north from 65◦N (excluding the pole hole north of
88◦N) because that is the region including the main Arctic sea ice extent. The
following calculation is valid for both, the transmittance of the system of ice and











with τa : Arctic-wide transmittance,
(i,mp) : over/under sea ice and melt ponds and
(i,mp, o) : over under sea ice, melt ponds and open water.
Daily values of the Arctic sea ice transmittance may then be averaged over time for
representative monthly average values of the transmittance behavior of Arctic sea
ice.
2.3. Thermodynamics of sea ice - Surface energy budget
The climate system components atmosphere, ocean and sea ice interact directly
but also indirectly with each other by means of radiative transfer of energy. The
distribution of solar radiative energy throughout the entire system as well as the
absorbed and transmitted energy of the sea ice is determined by atmospheric con-
ditions, the sea ice state and the water column below the sea ice cover. Figure 2.3
gives an overview on the important heat fluxes for the surface heat budget of sea
ice which are briefly explained in the following.
The surface heat budget for sea ice is composed in general of three types of fluxes:
radiative, turbulent and conductive fluxes [Perovich & Richter-Menge, 2009]. The
single components of the fluxes for an entire year during 1997/98 are calculated and
presented in Huwald et al. [2005] and are quoted in extracts in Table 2.1. Radiative
fluxes are the dominant term and are composed of solar radiation (shortwave radia-
tion, spectral range of measured values in this thesis: λ = 250Wm−2to2500Wm−2)
and longwave radiation. The outgoing shortwave radiation is mostly affected by
the surface albedo whereas the outgoing longwave radiation is just a function of the
surface temperature. However, the incoming longwave radiation is influenced by
cloud coverage and is consequently a function of the sky temperature. Depending
on the type and altitude of the clouds the consequential decrease of incoming solar
12
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radiation or increase of incoming longwave radiation is the dominant effect. At this
point low clouds have a warming effect whereas high clouds tend to cool the surface
[Sedlar et al., 2011].
Turbulent fluxes involve sensible and latent heat fluxes. They depend on different
atmospheric parameters as wind speed and temperature as well as on the difference
in humidity between atmosphere and ocean or ice surface [Perovich & Richter-
Menge, 2009].
The last mentioned component of the system is the conductive heat flux. It de-
scribes the temperature gradient between two coupled components. The conduction
of heat occurs in the ice due to the temperature gradient between the ocean and
the atmosphere. It is therefore approximately proportional to the inverse of the
ice thickness. Although conductive heat fluxes may occur through a snow cover as
well, heat conductivity is significantly reduced in this case [Sedlar et al., 2011].
For a general sign-convention it is determined that downward fluxes are positive
and upward fluxes are negative. The sum of all these described fluxes is finally
defined as the flux into or out of the ocean. It might be used for phase changes, e.g.
ice melting (during summer) or water freezing (during winter), or storage changes,


























Figure 2.3.: Schematic of the surface heat budget of Arctic sea ice. Purple: Tur-
bulent heat fluxes, red: Radiative heat fluxes, green: Conductive heat
flux, yellow: Additionally melting processes. This graphic is based on
Perovich & Richter-Menge [2009].
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Table 2.1.: Monthly and annual means of the energy budget components from
SHEBA field experiment in 1997/98 [Huwald et al., 2005]. The used ab-
breviations are: Fswd, Fswu and Fswp: downward, upward and pen-
etrating shortwave radiation; Flwd and Flwu: downward and upward
longwave radiation; Fsh and Flh: sensible and latent heat flux; Fcs: con-
ductive heat flux; Focn: ocean heat flux. All values are given in Wm−2.
Variable Dec March June Sep Annual
mean
Fswd 0.0 46.3 280.4 39.9 92.1
Fswu 0.0 -39.4 -200.2 -25.9 -68.5
Fswp 0.0 0.6 9.6 0.5 2.9
Flwd 152.0 201.2 282.5 282.2 231.0
Flwu -185.2 -222.1 -308.2 -293.0 -252.1
Fsh 6.4 3.0 1.5 -0.4 2.4
Flh 0.3 -0.6 -2.2 -0.9 -0.6
Fcs 19.7 8.3 -2.0 4.6 7.2
Focn 3.4 7.4 9.9 10.3 7.1
Heat fluxes at the bottom of the ice consists of the heat conduction through the ice
and the ocean heat flux from below. Furthermore, melting of the ice cover can also
be affected by lateral melting processes at the ice edge [Perovich & Richter-Menge,
2009].
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3.1. Data description
In the following, all satellite and reanalysis data sets used for later calculations of the
light distribution under Arctic sea ice and its properties are described. These data
sets include sea ice concentration, sea ice type, surface solar radiation downwards,
melt and freeze onset, and melt pond fraction. All data were interpolated to a 10-
km polar stereographic grid. All used data products are also summarized in Table
3.1.
Sea ice concentration
The Ocean and Sea Ice Satellite Application Facilities (OSI SAF) provide, among
others, SSM/I (Special Sensor Microwave/Imager) sea ice concentration data (prod-
uct ID: OSI-401) [Eastwood, 2012]. These sea ice products have been derived from
passive microwave, active microwave and optical sensors. The usage of multi sen-
sor methods with a Bayesian approach (inverse method) gives the possibility to
combine different instruments and sensors. The SSMI/I sea ice concentration is
calculated in a first step by following the SSM/I hybrid sea ice concentration algo-
rithm described in Eastwood [2012]. Afterwards, the results are analyzed on the
10-km stereographic grid from OSI SAF.
The developed sea ice concentration is here defined as the areal fraction in per-
centage with values between 0 and 100% of a given grid cell covered by sea ice
[Eastwood, 2012].
The data of the SSM/I sea ice concentration are available from 1979 up to today
in two different products: From 1979 to 2008 as reprocessed data sets and from
2006 onwards as operational data sets, both as a multi sensor product. The data
sets have systematical differences due to the processing with a different set of tie
point statistics for the ice concentration algorithm [Lavergne et al., 2010; Lavergne
& Eastwood, 2012]. In our time series analysis, the reprocessed data set used for the
years 1979 to 2007, and the operational data set is applied for the subsequent years.
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The current 10 km Polar stereographic grid is used as basic grid for the whole
analysis and so for each included data product.
Surface solar radiation (downwards)
For the downward surface solar radiation the used data are from the global atmo-
spheric reanalysis produced by the European Centre for Medium-Range Weather
Forecasts (ECMWF) [Dee et al., 2011]. ERA-Interim is obtained up to four times
per day covering the period from 1 January 1979 onwards to 31 October 2012. The
solar constant is set to the constant value of 1370Wm−2 in European Reanalysis
(ERA Interim), hence not including the solar cycle. Variations due to the varying
distance between the earth and the sun are, however, incorporated. The horizontal
resolution of the downward surface radiation is 1.5◦ [Dee et al., 2011].
For the following analysis the data sets of 00:00, 06:00, 12:00 and 18:00 UTC were
used in the calculation of daily means.
Sea ice age
The spatial distribution of different ice age classes is included through a data prod-
uct using the algorithm of Maslanik et al. [2007, 2011]. Using satellite data and
drifting buoys it is possible to observe different properties of sea ice, like formation,
movement, persistence and disappearance of sea ice. The resulting gridded vector
fields from 1979 onwards, as a kind of history, describe the basis for the ice age
estimate. For this purpose each grid cell that contains ice is treated as a discrete,
independent Lagrangian parcel and is then advected at weekly time steps. Result-
ing, ice that survives the summer melt is appointed to get aged to second year ice
and multi year ice is getting an additional year. On the other hand, single grid cells
with different ice ages are masked with the age of the oldest particle in this initial
method. The final weekly resolved data sets give a determination of nine ice classes
(one to nine years or rather older ice) and open water.
For the following analysis the resulting data points with classes of open ocean and
ice are set to first year ice, all other data points with mixed values are set to the
oldest included age, like in the native method. Furthermore, all ice age data points
with a valid value for the sea ice concentration but no valid value for the ice age
are set to first year ice. All data points without sea ice concentration data but with
ice age values are set to open water.
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Melt and freeze onset
Melt and freeze onset dates have been calculated for the entire Arctic using satellite
passive microwave data [Markus et al., 2009]. The algorithm makes use of daily av-
eraged brightness temperatures from SSMR and SSM/I mapped on a 25-km polar
stereographic gird from the National Snow and Ice Data Center (NSIDC). It distin-
guishes between the first occurrence of a melt event, the early melt onset (EMO)
and the following continuous melt, the melt onset (MO). In this algorithm EMO
is defined as the first day of melting independent of the surface temperature, the
continuous melt onset as the day after the sea ice stays under melting conditions
for the summer. Similar definitions are found for the freeze-up conditions: Early
freeze onset (EFO) is the first day freeze-up occurring whereas freeze onset (FO)
refers to the day, from which on freezing conditions persist until the next EMO.
The time series of the multichannel passive microwave brightness temperature
ranges from 1979 to 2011. This series is composed of three different routines or
rather sensor technologies [Markus, 2012]. From 1979 to 2007 the algorithm is based
on SSM/I data which have then been adapted to AMSR-E (Advanced Microwave
Scanning Radiometer - Earth Observing System) from 2003 to 2010. In 2008 a
new adjustment of the routine to use SSM/IS (F17) for the microwave brightness
temperatures was developed. Time series analyses are here based on the SSMI data
set until 2005, from 2006 to 2010 on the AMSR-E data and on the new adjustment
of SSM/IS (F17) afterwards.
Melt pond fraction
The spatial distribution of melt pond fraction on Arctic sea ice can be derived from
Moderate Resolution Image Spectroradiometer (MODIS) data of special optical fre-
quency bands (459 to 479 nm, 620 to 670 nm, 841 to 876 nm) in combination with a
neural network [Rösel et al., 2011]. The final melt pond fraction results from differ-
ent typical spectral behavior of melt ponds compared to other surface features like
snow, sea ice or open water. Based on this, an artificial neural network was built
and trained according to the method of Tschudi et al. [2008]. After validation of the
resulting melt pond fractions with different local observation products, the data set
is scaled with the sea ice concentration from the NSICD to obtain the relative melt
pond fraction.
The spatial cover extends from 60 to 90◦N with mean values of 8-day intervals be-
ginning on 9 May to 13 September each year (2000 to 2011).
Melt onset and melt pond fraction data sets appear to contradict each other. In
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Table 3.1.: Description of all used data sets for later analyses. The data sets were
interpolated to a 10-km polar stereographic grid.









































some cases, the derived melt pond fraction is non-vanishing, although, according
to the melt onset data, melting has not yet begun. Then, the melt onset data are
supposedly more reliable. Thus, melt pond fractions before EMO are set to zero.
For the application of all described data sets and the following calculations the
effect of ice drifting is neglected. Sea ice drift is mostly effecting the edge of the sea
ice area. With the given data sets it is not possible to involve these effects.
3.2. Calculation of light transmission through Arctic sea
ice during August 2011
Based on available large-scale under-ice light measurements carried out in August
2011 [Nicolaus et al., 2012, 2013], estimates of light availability under sea-ice during
summer spanning the whole Arctic can be given. The respective method is briefly
presented in the following.
During the transpolar cruise ARK-XXVI/3 (TransArc) with the German Research
Vessel Polarstern in summer 2011 (August to October) measurements of radia-
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tive fluxes under Arctic sea ice with different surface properties, e.g. melt ponds
or bare ice, have been performed. These measurements were based on two Ramses
spectral radiometers (320 to 950 nm) operated under the Arctic sea ice on a Re-
motely Operated Vehicle (ROV) [Nicolaus & Katlein, 2013]. The irradiance sensor
measures the incoming energy throughout the (upper) half space to resolve basal
melt and biological processes and hence, give a better understanding of the energy
budget of the sea ice cover and the total fluxes. The radiance sensor has a nar-
row field of view (7◦) and thus enables deriving of optical properties with higher
spatial resolution. The measurements of both sensors covers a wide range of light
conditions under the central Arctic sea ice cover. In addition, incident solar radia-
tion was measured synchronously on the sea-ice surface. The combination of these
measurements enables the calculation of transmittances of the sea ice for the region.
The shortwave transmittances of first year ice (19 August 2011) and multi year
ice (22 August 2011) calculated from the measurements directly under the sea ice
cover are plotted as frequency distributions in Figure 3.1. In combination with
observation of sea ice type, snow depth and pond coverage it is possible to assign
four modes to specific ice classes, tagged in Figure 3.1. The mode of 0.01 can be
assigned to white MYI whereas the transmittances of white FYI amount around
0.04. For ponded ice the derived mode of FYI is between 0.18 to 0.22 and for MYI
between 0.12 and 0.14 [Nicolaus et al., 2012]. Due to different ice thicknesses and
snow coverage the modes are quite elongated and overlap mutually.
However, the given data set of field measurements only covers the spectral range of
the Ramses radiometers from 320 to 950 nm [Nicolaus et al., 2010b]. In comparison
Figure 3.1.: Histogram of transmittances measured during TransArc 2011 [Katlein,
2012, modified]. Clearly detected modes for first year ice, multi year ice
and melt ponds in general are marked.
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with the reference spectra following Grenfell & Perovich [1984], the spectral range
of the Ramses radiometer covers on average only 79.51% of the total irradiance
[Nicolaus et al., 2012]. Finally, all under-ice radiation data sets were scaled to the
entire range of shortwave radiation from 250 to 2500 nm. This results in values of
modal transmittance through ponded and white first year and multi year ice shown
in Table 3.2.
In addition, during the cruise sea ice observations from the bridge have been per-
formed throughout the cruise. These observations lead to a melt pond fraction of
(42± 10)% on FYI and (23± 13)% on MYI. To estimate the total transmittance
for FYI and MYI, it is necessary to include these different fractions of ponded and
white ice for both ice types. The resulting total transmittances for summer con-
ditions for this distinction are 0.11 for FYI and more than a third from this with
0.04 for MYI [Nicolaus et al., 2012].
Based on these total transmittances for FYI and MYI obtained by field measure-
ments in combination with additional data sets of sea ice concentration, sea ice
types and surface solar radiation (see Chapter 3.1) an Arctic-wide estimate of light
transmission through Arctic sea ice in August 2011 is possible. That estimate is
Figure 3.2.: Solar heat input into the Arctic Ocean through sea ice. This map only
consider fluxes through sea ice, excluding fluxes through open water, for
August 2011 [Nicolaus et al., 2012].
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Table 3.2.: Measured and calculated transmittances during summer (no snow) of
first year and multi year ice subdivided in white ice, melt ponds and the
entire system of both components. The total transmittances result from
the TransArc 2011 experiment, the ICDC transmittances are calculated
with there given melt pond fraction. The last column represents the
transmittances which are used in the following calculations.




















(23± 13)% 0.04 29% 0.05
ponded 0.15
following Equation 2.11 calculated for each grid cell and each day and subsequently,
monthly averaged. The resulting heat input through the Arctic sea ice into the up-
per Arctic ocean (excluding fluxes through open water) amount to values between 0
and 13W/m2. The distribution of the heat flux through sea ice is shown in Figure
3.2.
That estimate is valid just in case of no snow cover on top of the sea ice surface
and open and fully developed melt ponds assumed for August 2011.
3.3. Newly developed method for seasonality of
transmittance
The estimate of the Arctic-wide transmitted light distribution under sea ice de-
scribed in Nicolaus et al. [2012] covers summer sea ice conditions only. To get an
idea of the seasonal cycle of the transmittance of Arctic sea ice additional data sets
and assumptions have to be involved. That implies an improved ice type classifi-
cation including the spatial distribution of melt ponds and the dates of melt and
freeze onsets as well as the duration of the melt and freeze phase. Furthermore, a
spatial distribution of melt ponds based on satellite data is included.
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Figure 3.3.: Mean melt pond fraction in August 2011 [Rösel et al., 2011].
3.3.1. Improved spatial distribution of melt ponds
An algorithm to estimate the fraction of melt ponds on both, first year ice and multi
year ice, has been proposed in the literature [Rösel et al., 2011]. The approach re-
lies on data provided by the Integrated Climate Data Center (ICDC). Some sample
output showing the melt pond fraction in August 2011 is given in Figure 3.3. That
data set gives a lower melt pond fraction on FYI than the observed fraction from
the ship during TransArc 2011 (26%) but a higher one for MYI (29%). Within the
error margins both values seem to be almost identical, so the difference between
the melt pond fraction on FYI and MYI is negligible. The resulting values for the
total transmittance with theses changed melt pond fraction differ in a similar way,
so it is now 0.087 for FYI and 0.05 for MYI.
Since the ICDC data sets enables the application of a spatial distribution of the
melt pond fraction in contrast to the generalized observed distribution, the data
set is used for the following analysis. Furthermore, the data set is validated with
different kinds of local observations done by ship or plane.
All measured and calculated results are valid only for summer conditions, this means
without snow on the top of the sea ice cover, are summarized in Table 3.2.
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3.3.2. Ice type classification
Using sea ice age data to divide the sea ice surface into different categories allows
to include a lot of optical properties via one data set. The sea ice age implies in
that process information and estimates about the sea ice thickness, roughness and
deformation of the sea ice surface. These characteristics are crucial for optical prop-
erties of sea ice, thus giving an important basis for the development of the seasonal
transmittance of Arctic sea ice.
The initial classification of sea ice is based on ice age categories from 1 to 10 years
and open water Maslanik et al. [2007]. For the following processing this catego-
rization is eliminated since ice older one year yields comparable optical properties.
Thus, this categorization is reduced to first year ice (FYI) and multi year ice (MYI)
which includes all ice classes older than 1 year. That simplification has also been
used in the preceding estimate of Arctic-wide summer transmittance.
In order to obtain an improved parametrization of the transition from winter to
summer time it is necessary to introduce more detailed ice class during that period.
Based on this detailed classification the seasonality of the transmittance of Arctic
sea ice can be developed, described in Chapter 3.3.5. The extended ice type clas-
sification is illustrated in Figure 3.5 (Chapter 3.3.4) related to the annual cycle of
sea ice surface properties.
During summer, parts of both FYI and MYI melt and pass over to open water.
Therefor, it is necessary for each grid cell, which is containing ice, to calculate at
what point in time the respective cell is getting free of ice. In order to neglect the
influence of ice drift the day of ice cover disappearing is calculated the other way
around: Starting at the end of the melt season (scheduled at the 7 September 2011)
each grid cell is monitored until the first time sea ice is appearing. This day is then
recorded as the last day of the melt season for this grid cell. The first day of the
melt season is the same for the entire Arctic and is calculated as the spatial average
of the early melt onset. For 2011 it this was the 139th day of the year (15 May
2011) [Markus et al., 2009]. These new ice categories can be summarized as melting
FYI and melting MYI.
Furthermore, the shift from FYI to MYI after the summer melt has to be included:
Sea ice particles of first year ice which survived the summer melt and still exist
around week 36/37 of the year are now called multi year ice and are masked like
this in the data set of Maslanik et al. [2007]. The immediate change of sea ice
properties associated with this tagging is of course not actually observed. Hence,
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in the analysis, new MYI is treated as FYI up to the winter period, and only then
promoted to real MYI. During the MYI formation period, it is labeled as new multi
year ice.
A similar procedure is developed for new first year ice growing after the summer
melt. Also in this case an instantaneous change from open ocean to ice covered
data points occurs. Thus, all grid points with newly formed ice after the shift from
FYI to MYI (after the melt season) are classified as ’new first year ice’.
3.3.3. Melt and freeze phases
To embed the different described ice classes in the course of the year, the year
is divided based on characteristic melting and freezing days. These days are the
early melt onset (first day of observed melting conditions) and melt onset (first
day after continuous melting conditions) as well as the early freeze onset (first day
of observed freezing conditions) and the freeze onset (first day after continuous
freeze-up) [Markus et al., 2009]. For the year 2011 these characteristics are illus-
trated in figure 3.4. For the spatial average values result for the EMO the 139th
day of the year (15 May 2011), the MO the 150th day (30 May 2011), the EFO the
Figure 3.4.: Characteristic melting and freezing days as day of the year in 2011
[Markus et al., 2009]. (a) Early melt onset (EMO), (b) Melt onset (MO),
(c) Early freeze onset (EFO), (d) Freeze onset (FO).
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280th day (7 October 2011) and the FO the 285th day of the year (12 October 2011).
In addition, the duration of the melting phase and by association the phase clas-
sifications are determined by using different studies and experiments. During the
Surface Heat Budget of the Arctic Ocean (SHEBA) drift experiments [Perovich
et al., 2002] a melt phase duration of about 16 days was derived for MYI. By divid-
ing the data in comparable phases like for the SHEBA data, Nicolaus et al. [2010a]
obtained for the TARA drift a melting phase duration of 12 days. For the albedo
evolution of seasonal Arctic sea ice several field experiments near Barrow Alaska
were done [Perovich & Polashenski, 2012]. The evolution sequence in this case is
dominated by the SHEBA onset data as well and gives a resulting melt duration of
14 days for FYI.
Summarizing these values from different experiments a general melting phase du-
ration of 14 days is derived for the following seasonal studies of Arctic sea ice
properties. This phase is beginning at the date of the melt onset.
For the specification of the duration of the freezing period no references are avail-
able since no conclusive experiments at winter time have been carried out to date.
Due to this fact the phase duration is committed to a value of 60 days beginning
at the freeze onset.
3.3.4. Sea ice surface properties
For the development of the seasonality of the Arctic sea ice transmittance it is nec-
essary to divide the whole year into an amount of different phases. These phases
are described in the following using the sea ice observations from the Arctic Trans-
polar Drift in 2007 (Tara) [Nicolaus et al., 2010a] and the SHEBA field experiment
(1997-1998) [Perovich, 2005]. The given distinctions between the phases are given
for simplifications as fixed and clear dates. In reality the transition between the
phases is not that obvious because of permanent changes in surface conditions. The
development of the surface properties is in addition illustrated in figure 3.5.
Phase I (winter) is the phase of winter conditions. That can be described by a
closed ice cover without any melt ponds but with partly snow on top. A cold, dry
and optically thick snow layer is the defining characteristic. Thus, radiative fluxes
under the sea ice cover related to transmitted light are negligible. Furthermore, the
temperatures are well below the freezing point. For the analysis this phase is fin-
ished when the first melt is observed, i.e. the day of the first occurrence of melting
conditions (EMO, see section 3.1).
Phase II (snow melting/spring) describes the occurrence of first melting. For this
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part of the year the snow thickness starts to decrease and the temperature of the
surface and the ice increases. Consequently, the snow cover melts on parts of the ice
cover largely and water deposists can be observed. This phase ends explicit when
the conditions of first melting pass over into continuous melting (MO).
Phase III (pond formation/ continuous melting), the time of continuous melting,
lasts 14 days beginning from the first day of continuous melting. During this time
the snow cover is disappearing completely and the melt pond coverage increases
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Figure 3.5.: (a) Extended ice type classification of FYI and MYI. (b) Annual cycle
and development of the surface properties of Arctic sea ice. The change
of ice thickness during the year is neglected. Indicated phases: I: winter,
II: snow melting, III: pond formation/ continuous melting, IV: pond
evolution/ summer, V: sea ice melting, VI: fall freeze-up, VII: continuous
freezing, VIII: new ice growth. This plot is based on sea ice property
descriptions in Nicolaus et al. [2010a]; Perovich et al. [2002].
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rapidly up to 15 to 20%. Accordingly the sea ice surface gets more and more cov-
ered with water deposits which can not drain. Completed snow melting marks the
end of this phase.
Phase IV and V (pond evolution/ summer) is mainly characterized by accumulat-
ing of the growth and areal extent of the melt ponds as well as a general surface
drainage. For a more precise characterization and study of this phase, it is sep-
arated into two parts: Phase IV includes the part of the ice which is completely
melting during the summer time whereas phase V qualifies the first and multi year
ice surviving the summer melt. The main defining property for this phase is the
snow-free surface which is covered more and more with melt ponds. With the first
occurrence of freeze-up conditions this summer phase is over.
Phase VI (fall freeze-up) is beginning with the day of early melt onset which de-
termines a sharp shift from summer to first freezing conditions. During this time
air and surface temperatures drop below 0 ◦C resulting in first surface freezing and
snow accumulation. Nevertheless, former melt ponds are still visible through the
new snow cover. Sea ice that survived the summer melt is promoted to one year
older ice in week 37/38 according to Maslanik et al. [2007]. However, first year ice
shifting to multi year ice remains first year ice regarding its optical properties until
the end of the year (see section 3.3.2). Beginning with the first day of continuous
freeze-up this phase is ending.
Phase VII (continuous freezing) for the new and ’old’ multi year ice covers follow-
ing the entire freezing period of 60 days beginning with the continuous freeze-up
onset. Prominent changes regarding the surface properties in this phase include an
increasing snow depth and the gradual disappearance of melting ponds up to the
point of full snow and ice cover.
Phase VIII new ice growth can be observed concurrently with phase VI and VII.
This new ice is initially growing up very fast. The reason for this is that thin
ice is able to conduct much more heat from the ocean to the atmosphere than
thicker ice. Consequentially, the ice growth rate is comparatively high. At the
end of the freezing phase, so 60 days after the first day of continuous freezing, the
properties of all types of newly formed first year ice can be considered as equivalent.
The subsequent part of the year is again characterized by an entire closed snow and
ice cover. Thus it is also described as phase I (winter).
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3.3.5. Development of seasonal transmittance of Arctic sea ice
Transmittance of the entire system of ice, snow and melt ponds
The preceding section describes the main variances of the sea ice surface over the
year. These properties and changes are crucial for the physical and optical proper-
ties of sea ice, such as absorption, reflection and transmittance. As for the radiation
budget under the sea ice surface the transmittance has the largest impact, and its
variation during the outlined phases will be derived in the following. All subse-
quently declared and discussed transmittances exclude the measured influence of
biological activity like algae light absorption [Perovich et al., 1998]. The described
values of transmittance in the following are for the entire system of ice, snow, melt
ponds and open water, if the melt pond data set of the Integrated Climate Data
Center (ICDC, see section 3.1) does not provide reliable data, e.g. for areas of too
high cloud coverage. Also for the time before 2000, when in general no information
about the melt pond fraction is available, these averaged transmittances are used.
Figure 3.6 illustrates the transmittance’s evolution with time for an entire year. It’s
values during the different phases are tabulated in Table 3.3.
Reference points for the development of the transmittance of Arctic sea ice are
again observations and measurements done during the SHEBA experiments [Per-
ovich, 2005] and the Arctic Transpolar drift in 2007 (Tara) [Nicolaus et al., 2010a]
as well as analyses from previous observational data sets of optical sea ice properties
done by Perovich [1996], Perovich et al. [1998] and Nicolaus et al. [2010b]. The main
input for the summer season (phase V ), i.e. the phase of no snow and melt ponds
on the sea ice surface, are the calculated transmittance data from section 3.2, sum-
marized in table 3.2. At this point not the values obtained during TransArc 2011
are used but the ones calculated with changed melt pond fraction based on Rösel
et al. [2011]. Hence, the used value for transmittance of FYI is 0.087 and 0.05 for
MYI. Comparing these values to the measurements of the Arctic Transpolar drift
in 2007 clear abnormalities are significantly because of strong influences of biolog-
ical activity [Nicolaus et al., 2010a]. However, when comparing the albedo values
of both campaigns, the values are almost identical and in both cases constant for
the entire period. Thus, it is justified to estimate a constant summer transmittance.
During the first and last phase, called winter, the characterization of the optical
properties of sea ice based on measurements is not that obvious because of a very
small solar elevation angle and principally few available data sets. During the Tara
Drift first measurements were done during formal spring conditions but ice con-
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Figure 3.6.: Progress of the transmittance of Arctic sea ice for the entire system of
ice, snow and melt ponds. The indicated phases are similar to figure 3.5.
(a) The entire range up to transmittances of 0.95. (b) Zoom on in the
lower part up to a transmittance of 0.2.
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ditions were still comparable to winter conditions. Thus, the ice was covered by
an optically thick layer of snow (up to 0.64m) and no melt ponds are visible. For
this condition calculations of transmittances of multi year ice were resulting in an
average value of 0.002 (averaged over 42 days from 29 April to 9 June) [Nicolaus
et al., 2010a]. Assuming the snow cover to be optically thick on both FYI and
MYI, independent of the sea ice thickness below, FYI transmittance is expected to
be same as for MYI. Comparable values are given in Perovich [2005] (less than 10−3).
Also for the following melting phases the results of the Tara experiments give the
main input. A significant increase in transmittances up to 0.02 for MYI, starting
with the snow melting (phase II), lasting to the end of phase II, is apparent. At
this point it reaches for MYI a value of 0.02. With the end of this snow melting
phase a new development of the transmittance is obviously noticeable by a stronger
gradient (phase III, pond formation) until the beginning of the summer [Nicolaus
et al., 2010a]. Both, the increase during phase II from EMO to MO as well as the
subsequent increase during the melting phase of 14 days can be considered simply
Table 3.3.: Declared and discussed transmittances subdivided in first year ice (FYI)
and multi year ice (MYI) for the entire system of ice and melt ponds,
the particular components ice/snow and melt ponds as well as the open
ocean. The significant days for dividing the year in different phases are:
Early melt onset (EMO), melt onset (MO), melt onset plus melting phase
(MO+14d), early freeze onset (EFO), threshold ice-ocean, freeze onset































































FYI, system 0.002 0.04 0.087 0.4 0.04 0.4 0.002
MYI, system 0.002 0.02 0.05 0.4 0.02 0.4 0.002
FYI, ice/snow 0.001 0.017 0.04 0.17 0.017 0.17 0.001
FYI, melt pond 0.15
MYI, ice/snow 0.0 0.004 0.01 0.07 0.004 0.07 0.0
MYI, melt pond 0.22
open ocean 0.93
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as linear between the distinctions. The optical behavior for FYI can be considered
comparable to the described one of MYI with the main difference of an in general
stronger increase due to thinner ice. Looking at the seasonal cycle of the albedo
of the Arctic sea ice surface, developed by Perovich & Polashenski [2012], this dif-
ference between both ice types also becomes apparent. For the whole transition
time an averaged factor of about 2 between both ice types can be identified. Thus,
this factor of 2 is transfered to the transmittance of first year ice. As a result, a
transmittance value of 0.04 for the transition from phase II to phase III (so the first
day of continuous melting, MO) for first year ice is obtained.
As soon as the summer period is finished, a new layer of snow is formed and temper-
ature is decreasing, total transmittance is starting to decrease rapidly (fall freeze-
up). Comparing the data for this phase VI of the Arctic Transpolar drift with
the inverse phase III, described before, a similar behavior is found [Nicolaus et al.,
2010a]. Accordingly, the temporal progress for the freezing phases can be adjusted
to the one of the melting phases. The boundary value between the fall freeze-up
and the continuous freezing, specified as the the first day of continuous freezing
conditions, as it is also assumed 0.04 for first year ice and 0.02 for multi year ice.
The gradient for the following continuous freezing phase of 60 days is weaker
because of the longer duration of this phase. The last value for this decrease is
again the value of the respective transmittance for first year or multi year ice. Lin-
ear approximation yields a sufficiently well description of the time evolution during
both freezing phases.
The seasonality of the transmittance for completely melting Arctic sea ice as well
as for newly formed sea ice must be considered independently of the previously de-
scribed consisting sea ice. The main question in this case is how the transmittance
during the transition from open water to ice, and vice versa, changes. Thus, it is
important to decide up to which value the transmittance may initially rise before
the properties of melting ice pass over to open water. This value is called phase
transition threshold in the following. Assuming that for the process of new ice
formation the behavior of the albedo with the one of the transmittance is equal, it
is possible to draw the following conclusion:
Perovich [1996] presents laboratory observations of initial ice growth experiments
with integrated measurements of the spectral albedo during the ice growth. Up to
a thickness of 5 cm, the albedo only increases negligibly. During the next 2.5 cm
in turn increases considerably. That is indicated in a jump from an albedo value
of 0.11 for 5 cm to 0.26 for 7.5 cm. Consequently, the factor for the transition in
albedo values results in about 2.36. Applying this factor now also at the phase
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transition of the transmittance of open water (τo = 0.93) to a thin sea ice layer of
just a few centimeters, a threshold of about 0.39 is obtained. As already described
before, for the whole process of calculations and analyses, ice is just detected as ice
if the amount of the ice cover for the concerned grid cell is bigger than 15%. This
implicates that these detected ice cells have in most cases already a not negligible
ice thickness at the point of their first occurrence. Therefore, it is realistic to shift
the transmittance from open water (τo = 0.93) directly to the transmittance value
of τi = 0.4 for an ice layer thickness of 7.5 cm. The same threshold is assumed for
the progress vice versa, i.e. from melting Arctic sea ice to conditions of open water.
Melting first and multi year ice (phase IV ) can be treated in the same way as
ice surviving summer until the beginning of the summer period. With the beginning
of the summer phase until the phase transition threshold of 0.4 (the disappearance
of the ice cover) a rapid increase in the transmittance of first and multi year ice is
adopted. This increase in transmittance is described in Perovich [1996] as roughly
exponentially and is therefor characterized by the following equations:
The general equation for exponential behavior
τ(t) = τ0 · kt (3.1)
becomes with insertion of the supporting points of the beginning of the summer
(MO plus 14 days) and the point of the phase transition to







with t : time in days,
τ(t) : transmittance at the time of t,
tMO : melt onset plus 14 days in days,
τsum : transmittance of summer phase: FYI: 0.087, MYI: 0.05,
tth : day of phase transition threshold in days and
τth : transmittance of phase transition threshold: Ty = 0.4.
Transmittance of new first year ice evolves correspondingly to the melting sea ice
surface (phase VIII). From the first day of new ice occurrence until the end of the
continuous freezing phase (the day of continuous freezing plus 60 days) the strong
growth in ice thickness involves a roughly exponential increase in light transmission
through the Arctic sea ice. In this case the general exponential function 3.1 is
converted to
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with t : time in days,
τ(t) : transmittance at the time of t,
tFO : freeze onset plus 60 days in days,
τwin : transmittance of winter phase of FYI : 0.002,
tth : day of phase transition threshold in days and
τth : transmittance of phase transition threshold: Ty = 0.4.
When the freezing phase is finished, the new first year ice behaves in its properties
like the first year ice in the beginning of the year and stays at the transmittance
value of 0.003 for the remaining winter time (phase IX).
With these described phases it is now possible to parametrize the annual cycle of
the transmittance of Arctic sea ice for an entire year. The described system is
composed of the components ice, snow and melt ponds.
Transmittance of the subdivided system of ice/snow and melt ponds
For grid cells including information about the melt pond fraction the described sys-
tem can be subdivided into (1) ice and snow fraction and (2) melt pond fraction.
Due to no nuanced data sets about radiation fluxes under different melt pond for-
mations or different optical properties, the transmittance of the pure melt pond
data sets is not subject to any annual cycle but rather constant. Thus, it is set to
the determined modal transmittance of 0.22 for melt ponds on first year ice and
0.15 on multi year ice, measured during the Transpolar Cruise in summer 2011 (see
table 3.2).
The transmittance of the part of the Arctic sea ice area covered by bare ice should
again have an annual cycle. This one is also dominated by the optical properties of
sea ice during one year described in section 3.3.4. For the transmittance during the
summer season of white ice, it is also possible to make use of the measured trans-
mittance at the Transpolar Cruise 2011 with the values of 0.04 for white first year
ice and 0.01 for white multi year ice. For the remaining time, a qualitative similar
annual cycle is assumed as for the transmittance of the entire system of ice, snow
and melt ponds, developed in the subsection before. The quantitative difference
between both system is described by the ratio of the established transmittances of
the summer season for the entire system and for the white ice. This transmittance
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Figure 3.7.: Progress of the transmittance of Arctic sea ice for the bare ice without
melt ponds. The indicated phases are similar to figure 3.5. (a) The
entire range up to transmittances of 0.95. (b) Zoom in in the lower part
up to a transmittance of 0.2.
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of pure white ice including the introduced ratio is calculated as follows




with τi(t) : transmittance of bare ice at the time of t,
τs(t) : transmittance of the entire system at the time of t,
τi,s : transmittance of bare ice during summer:
τi,s(FY I) = 0.04, τi,s(MY I) = 0.01 and
τs,s : transmittance of the entire system during summer:
τs,s(FY I) = 0.087, τs,s(MY I) = 0.05.
The only exception for this ratio multiplication is the case of the phase transition
threshold. This value is also for bare ice fixed at the value of 0.4.
The so obtained annual cycle of pure first year and pure multi year ice is illustrated
in figure 3.7 and is subdivided into the different phases in table 3.3.
The described temporal progresses of the transmittance of Arctic sea ice for the
entire system of sea ice, snow and melt ponds as well as for the subdivided compo-
nents of sea ice and melt ponds provides the basis for the subsequent calculation of




4.1. Light distribution under Arctic sea ice during
August 2011
Nicolaus et al. [2012] present a first estimate of Arctic-wide light distribution under
sea ice based on a simple parameterization in August 2011. For this work, the used
solar surface irradiance data are erroneous and are corrected in Nicolaus et al. [2013].
In order to improve that simple parameterization, the melt pond distribution and
melt season duration is included as shown in Section 3.3. Furthermore, the ice type
classification became more detailed concerning the seasonality to finally enable all-
season estimates of the solar radiation under Arctic sea ice. Based on these new
parameters the state of the Arctic sea ice in August 2011 and the consequential
changed light distribution under sea ice is discussed in the following. A map with
labeled regions of the Arctic Ocean is attached in the appendix material (Figure
A.1). Indications of total heat fluxes stand for a spatial and temporal summing up
of the given fluxes for the entire Arctic about a specified time.
In August 2011, the sea ice extent was 5.2× 106 km2 with a mean sea ice concentra-
tion of 63% (Figure 4.1a). Following the sea ice classification proposed by Maslanik
et al. [2007], 56% (2.9× 106 km2) was FYI, and the remaining 44% (2.3× 106 km2)
was MYI. MYI dominated the area along the Greenland coast to 60◦E and along
the Canadian coast in the Beaufort Sea to approximately 150◦W (Figure 4.1b). FYI
dominated between 150◦W and 150◦E up to 73◦N and between 150◦E and 60◦W
up to 80◦N. The major part of the melting sea ice (see definitions of sea ice classes
in Section 3.3.2) of both ice types was located between 130◦W and 180◦W south of
78◦N. Hence, on average over August 2011 melting FYI covered 27% of the entire
FYI whereas only 14% of the MYI melted anyway during that time.
The melt pond fraction on Arctic sea ice [Rösel & Kaleschke, 2012] was 31% on
the FYI and 33% on the MYI surfaces on the monthly average (Figure 4.1c). Melt
ponds were evenly distributed on FYI dominated areas, while the distribution on
MYI dominated areas shows more spatial variability. The lowest fraction is located
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in the Greenland Arctic Basin between 0◦ and about 80◦W on MYI with high ice
concentration and melt pond fraction of about 25%. In contrast, the most melt
ponds are detected between 100◦W and 170◦W in the area south of 85◦N which is
also dominated by MYI.
Furthermore, the solar surface radiation has a big influence on the light distribu-
tion under Arctic sea ice. It is shown that it was spatially and temporally averaged
110Wm−2 over the Arctic Ocean for August 2011 (Figure 4.1d). The minimum of
67Wm−2 was observed near Spitsbergen and above the European Arctic Basin while
the maximum was found about the coastal regions, especially east of Greenland (up
to 230Wm−2). Summing up for August 2011, the total solar surface irradiance was
1.51× 107Wm−2 over the entire Arctic Ocean region north of 65◦N.
Based on the previously described sea ice conditions and surface solar radiation as
well as the developed transmittance of different ice types (Section 3.3.5), it was
possible to estimate the transmitted light under Arctic sea ice. For that reason the
transmitted solar radiation at the bottom of the ice is calculated for each single
Figure 4.1.: Sea ice and atmospheric conditions in August 2011. (a) Sea ice con-
centration, (b) Ice type classification including melting classes, (c) Melt
pond fraction, (d) Surface solar radiation downwards.
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Figure 4.2.: (a) Solar heat input through Arctic sea ice in August 2011, excluding
fluxes through open water. (b) Solar heat input into the Arctic Ocean
through sea ice and open water in August 2011.
grid cell and each day according to Equation 2.10. The results of the solar heat
input through Arctic sea ice to the upper ocean, excluding fluxes through open
water, are shown in Figure 4.2a. The calculated absolute heat input into the ocean
ranges up to 13.8Wm−2 in August 2011. The figure shows a clear distinction be-
tween regions dominated by FYI and regions dominated by MYI with larger heat
input through areas with predominant FYI. That implies a total solar heat input
for the entire Arctic region of 2.68× 105Wm−2 in August 2011 which is composed
of 1.76× 105Wm−2 through FYI and approximately half of that amount through
MYI (0.92× 105Wm−2). Furthermore, the spatial pattern of heat fluxes represents
the difference between completely melting and lasting sea ice over the summer. It
is shown that the highest heat fluxes through the ice occur in the marginal melting
sea ice zone in the East Siberian Sea as well as on the transition areas of still high
ice concentration. The mean heat flux through the sea ice was 5.13Wm−2 of the
entire Arctic in August 2011 resulting from the mean transmittance of the ice cover
of 0.084.
Including the calculated fluxes through open water within the sea ice extent, the
effect of sea ice concentration as well as the areas of melting sea ice become more
obvious. Consequentially, fluxes within the sea ice extent reach up to 120Wm−2 in
the marginal ice zones in the East Siberian Sea, the Beaufort Sea as well as south of
75◦N at the coast of Greenland (Figure 4.2b). Since the sea ice cover was dominated
by permanent ice (i.e. not-melting ice), the mean solar heat input through the entire
sea ice covered Arctic was 33.3Wm−2 with a mean transmittance of 0.39. Thus,
fluxes through ice and melt ponds contributed 14% of the entire available light
under Arctic sea ice in August 2011.
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4.2. Seasonality of solar radiation under Arctic sea ice
For the heat and energy fluxes under Arctic sea ice it is not enough to consider only
one month (August) but rather an entire year concerning the annual budget and
regional differences. Figure 4.3 gives an overview about the monthly mean solar
irradiance under Arctic sea ice (ice covered areas only) from January to December
2011. Additionally, Table 4.1 summarizes the monthly mean and total solar radia-
tion fluxes over and under the Arctic sea ice.
The total solar heat input from October to March is negligible with 0.14× 105Wm−2
for the entire Arctic. Therefore, these months are not discussed any further.
Associated with the decreasing sea ice concentration (see Figure B.1) and the snow
melt onset in April, the solar heat flux under the sea ice increases in the Barents Sea
and more weakly in the area of Fram Strait. These regions are in general described
as the oceanic inflow regimes. Due to the rising sun and hence an increase of solar
surface heat fluxes at the surface, also in the area of Bering Strait a weak increase
of solar heat input under the ice is observed. Nevertheless, the transmittance of
0.005 through Arctic sea ice is negligible in April.
In May, the solar heat input increases especially in the Barents Sea related to the
Table 4.1.: Monthly mean and total solar radiation fluxes over and under the Arctic
sea ice cover in 2011: Transmittance of Arctic sea ice τ , total solar sur-
face radiation
∑
Ed over the Arctic Ocean (65◦N to 90◦N), total solar
radiation under the sea ice
∑
ET , mean solar radiation under the sea ice
ØET . For month of
∑
Ed<50× 105 Wm−2 the solar radiation under the





ET [Wm−2] ØET [Wm−2]
January – 0.33× 105 – –
February – 6.62× 105 – –
March – 49.5× 105 – –
April 0.005 166× 105 0.33× 105 0.46
May 0.015 303× 105 1.84× 105 2.50
June 0.054 337× 105 8.10× 105 10.7
July 0.089 259× 105 7.34× 105 11.4
August 0.084 151× 105 2.68× 105 5.13
September 0.039 62.0× 105 0.31× 105 0.72
October – 12.5× 105 – –
November – 0.92× 105 – –
December – 0.05× 105 – –
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Figure 4.3.: Solar heat input through Arctic sea ice from January to December 2011,
excluding fluxes through open water.
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thinning of the ice cover which disappears during the month. The total solar heat
input through the sea ice cover rises up to 1.84× 105Wm−2 in May implying a
mean heat flux over the entire Arctic of about 2.50Wm−2. Associated with an al-
most doubling of the total solar surface irradiance (303× 105Wm−2) over the entire
Arctic Ocean, also the mean transmittance increases to 0.015.
In the transition period fromMay to June, the melt phase starts for large parts of the
Arctic associated with a strong increase of light transmission through the ice cover.
Also the total solar surface irradiance increases about 10% to 337× 105Wm−2.
That high solar heat input connected with melting ice in these areas results in a
distinctly increasing solar heat flux under the ice (up to 51Wm−2). Therefore,
the light distribution under the sea ice cover is dominated by the shortwave solar
heat input with weak influence of ice classification due to ice age but rather the
distinction between completely melting ice and ice surviving the melting phase.
All in all, June is the month of the highest total solar heat input through the
ice (8.10× 105Wm−2) associated with the highest solar irradiance over the Arctic
Ocean.
During July, the sea ice extent decreases strongest. Due to the smaller ice covered
region, the total solar heat flux through the ice decreases (7.34× 105Wm−2) and
more radiation penetrates directly into the ocean. Nevertheless, the mean solar
heat input reaches its maximum of 11.37Wm−2 resulting from a maximum mean
transmittance of 0.089. The light distribution under sea ice is still mainly char-
acterized by the solar irradiance with an increasing influence of the different ice
classes. Hence, the distinction between thick MYI, much thinner FYI and melting
ice areas is significant in the solar heat flux through the ice in July.
Due to an strong decrease in solar surface irradiance in August compared to the
previous months, also the mean solar radiation under Arctic sea ice decreases by
more than 50% to 5.13Wm−2 (mean transmittance: 0.084). The decline in sea ice
extent by 23% from July to August results mainly from reduction in FYI which
decreased from 4.26× 106 km2 to 2.88× 106 km2.
In September the total solar heat input over the Arctic Ocean is 62× 105Wm−2
with an mean solar irradiance of 45Wm−2. The resulting mean radiation flux under
the sea ice is 0.72Wm−2 related to a low transmittance of sea ice of 0.039.
Summarizing, the total annual solar radiation under Arctic sea ice was 20.72× 105Wm−2
in 2011. Four months of the year (May to August) account for 96% (19.95× 105Wm−2)
of the total annual solar heat input through the sea ice. Including the months of
April and September, 99% (20.58× 105Wm−2) of the total annual flux under the
sea ice cover are recorded. In contrast, 78% of the total solar surface irradiance
are observed from May to August and 95% including again April and September.
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Especially differences in available light over and under sea ice from May to August
illustrate the importance of the surface properties, e.g. concerning the snow cover.
4.3. Development of light transmission from 1979 to
2011
To constitute the solar heat input through the sea ice cover into ocean during the
entire period of satellite observations from 1979 to 2011, the total annual budgets
related to regional differences as well as their trends are described in the following.
The analysis concerning the significance of the trend of the time lines are performed
by Mann-Kendall tests [Mann, 1945; Kendall, 1948]. The null hypothesis of the non-
parametric trend assumes independent and randomly ordered data.
The mean solar heat input to the ocean within a grid cell for 1979 to 2011 underlies
strong spatial variabilities and thus, ranges from about 50 to more than 2000Wm−2,
as illustrated in Figure 4.4a. The maximum solar heat input occurs in the Canadian
Arctic Archipelago and around Greenland. Another local maximum is observed in
the East Siberian Sea and in parts of the Chukchi Sea (1200Wm−2). In comparison
with the incident solar radiation (Figure C.1), these areas show also high fluxes. In
addition, in the East Siberian Sea and Chukchi Sea the melting of sea ice on the
surface starts earlier than in other regions. In contrast, the minimum solar heat
input to the ocean occurs at the edge of the marginal ice zone in the Greenland Sea
and Barents Sea. These regions are characterized by a strong spring sea ice retreat
and thus, low sea ice concentration. The mean of the total annual under-ice flux in
Figure 4.4.: (a) Mean total annual solar heat input through sea ice within a grid cell
from 1979 to 2011. (b) Trend in total annual solar heat input through




the area of the mean sea ice extent is 660Wm−2.
Figure 4.4b illustrates the trend in the annual solar heat input through the ice cover
to the ocean. The trend has been corrected for the trend in sea ice concentration. It
is calculated by fitting the total annual heat flux of each grid cell with a polynomial
function for the entire period from 1979 to 2011. The resulting trends are mostly
positive but negative values occur in the seasonal marginal ice zone. These negative
trends are associated with the reduction in sea ice concentration and extent. This
is because the solar irradiance does not penetrate the ice anymore but rather goes
directly into the ocean and is finally not considered as transmitting sea ice.
The positive trends of the total annual heat input through the ice within a grid
cell range up to 10%a−1 with a mean of 1.6%a−1. The strongest signal is observed
in the East Siberian Sea and in the southern part of North American and Russian
Arctic Basin.
Besides the solar surface irradiance, the sea ice concentration and the timing of the
melting period, the transmittance influences the solar heat input through the ice
to the ocean. Figure 4.5a illustrates an obvious increase for August from 1979 to
2011. Concerning the significance, it becomes apparent that the null hypothesis at
the alpha significance level of less than 1% can be rejected for the time line. Hence,
the transmittance has a distinct trend. The calculated increases is amounted to
0.9%a−1. The strongest increase is shown during the last 6 years from 2005 to
2011. The transmittance increased from about 0.057 in 1979 to 0.067 in 2000, and
to 0.084 in 2011. From 1979 to 2000 the mean transmittance is given as a con-
stant proportion of melt pond and sea ice transmittance. Since 2000 information
about the melt pond fraction is available, hence, the transmittance is calculated as
a weighted mean of sea ice and melt pond fraction as given in Chapter 2.2. For
comparison, Figure 4.5a shows also the mean transmittance without the input of
the given melt pond fraction after 2000. Both curves show a good agreement in the
trend.
Another parameter causing the minor increase in solar heat input to the ocean is
the increasing melt season duration (Figure 4.5b). Here, especially the timing of
the onset of melting conditions plays a crucial role. The time line suggests a trend
towards earlier melt onset, shifting from day 145 (24 May) to day 141 (20 May),
according to the linear regression. The timing of the mean EMO ranges for the
entire period between day 137 and 147. At an alpha significance level of 3% the
null hypothesis can be rejected for the EMO, so a trend in the data set is high
significant.
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Figure 4.5.: (a) Mean transmittance (black) and its trend (red) as well as the cal-
culated transmittance with a constant melt pond fraction (dotted gray
line) for August 1979 to 2011. (b) Early melt onset (EMO) and its
trend. (c) Sea ice concentration and its trend for August (black) and
March (green). (d) Surface solar radiation and its trend. Additionally,
the equations for the trends as a function of time t are given.
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Also the decreasing sea ice concentration has a decisive influence on the trend of the
solar heat input to the ocean. Although the month of sea ice maximum (March)
shows of a weak increase in sea ice concentration, the general decrease is mainly
caused in an increase of the summer retreat observed in August (Figure 4.5c). The
strongest increase is observed in August but nevertheless, the sea ice concentration
shows high variability around that month since 2007, connected to the pronounced
sea ice minima. The Mann-Kendall test shows a trend for the sea ice concentration
for both month at a confidence level of 99%.
The total annual solar irradiance on the surface of the Arctic Ocean shows also a
weak negative trend of about 0.3%a−1 (Figure 4.5d). Although the trend is signifi-
cant (rejection of the null hypothesis at the 1% alpha significance level), the values
are subject to strong annual variations.
Summarizing, all introduced parameters influencing the solar heat input through the
Arctic sea ice show a significant behavior for their temporal evolution. Nevertheless,
the transmittance has the most obvious and strongest trend and thus, the trend of
the solar heat input through the sea ice to the ocean is crucially determined by the
development of the transmittance.
4.4. Validation and sensitivity studies
4.4.1. Product validation using additional field data (Tara drift, 2007)
In order to validate the newly developed and described data product, it is useful
to compare the calculated radiative fluxes under the sea ice cover with previously
measured data. During the Arctic Transpolar Drift of Tara in 2007, continuous
measurements of optical properties (albedo and transmittance) of snow and ice
in the Arctic Ocean were performed from 29 April to 28 August 2007. Thus, an
evaluation of the transition phase from spring to summer, summer itself, and the
transition from autumn to winter is possible.
Since the actual daily position of Tara can not be mapped to a single grid point,
the nearest-neighbor grid points of the Tara position were chosen. Both the heat
fluxes through the sea ice as well as the transmittance were averaged for the put to
six chosen grid points in order to compare these mean values with the Tara mea-
surements. Figure 4.6 compiles measured and derived (a) incoming solar surface
radiation, (b) total (broadband) transmittance and (c) transmitted solar radiation
through the sea ice.
Considering the solar surface irradiance for the observation period the values range
from about 350Wm−2 in the beginning of June to less than 80Wm−2 in the end of
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August. Until the beginning of June, the measured radiation flux is smaller than
the flux of the ECMWF data used for the calculations. Afterwards measured Tara
data are higher than the ECMWF data. Causes for the mismatch between reanal-
ysis and in-situ data might be uncertainties and simplifications of the ECMWF
model, including local weather phenomena such as clouds, small pressure systems
and anomalies.
Due to the an obvious connection between the time series of the transmittance
and the transmitted light distribution under Arctic sea ice, both data sets are dis-
Figure 4.6.: (a) Transmittance, (b) total solar irradiance, (c) transmitted flux. Com-
parison between Tara measurements and MO/EFO (green) and calcu-
lated values and its MO/EFO using the developed method (red) in 2007.
From 17 July to 14 August 2007 there is no useful comparison due to
biological absorption (gray shaded).
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cussed concurrently. Until 6 June, the measured and calculated transmittance vary
weakly around 0.001, whereas the variations in the measured transmitted irradi-
ance are much larger due to larger differences in the incoming solar radiation in
both data sets. The early melt onset coincides between both data sets around 9
June. The subsequent increase in transmittance and transmitted irradiance during
the transition time between spring and summer shows in general a similar behavior
in both data sets. However, a closer view shows clear minima in the calculated
transmittance (less than 0.015 instead of 0.03 to 0.06) as well as for the calculated
transmitted light. Comparing these data points with adjacent grid cells, differences
in the MO date are detected. The observed MO during the Tara drift was on 21
June; the MO of the surrounding data points was on 13 June and the MO of the
minima was just the 8 July 2007. Hence, the high variability of the melt phase
data set of Markus et al. [2009] over small areas accounts for these big differences
in the transmittance and the transmitted fluxes. Late MO dates result in smaller
calculated transmittance and consequently weaker radiation fluxes through the sea
ice than measured during the field work at Tara.
Results during summer (14 July to 14 August) are difficult to compare. At Tara, bi-
ological activity increased absorption and leads to a significant decrease in transmit-
tance. The measured solar radiation under the sea ice decreased to about 1Wm−2
and also the transmittance is reduced to less than 0.01 at Tara. The calculated
transmittance of this study varies around 0.07 during that period. However, the
solar irradiance under the sea ice cover varies between 6 and 11.5Wm−2 until the
beginning of August, afterwards the heat flux decreased due to a lower sun elevation.
With the end of the biological absorption in mid of August, the observed transmit-
tance increased rapidly to about 0.043, comparable to the calculated transmittance.
Subsequently, the observations point out the beginning of freezing conditions shown
in the decreasing transmittance whereas the calculated transmittance remains on
the summer level. Differences in the FO date are again the reason for the contrast-
ing properties of both data sets. The observed EFO was on 15 August whereas the
given data set maintains summer melt conditions almost one month longer, until 14
September. Hence, the transmittance stays at summer level and even increases in
the end of August/ beginning of September. This is explained by a high melt pond
fraction of more than 50% in the chosen grid cells. Due to much lower solar surface
irradiance in the reanalysis data than in the measured ones, the solar radiation
under the Arctic sea ice was similar with fluxes between 1.5 and 4.8Wm−2.
Concerning the total heat budget of both data sets from 1 May to 28 September
2007, the melting period from 17 July to 14 August 2007 has to be neglected due
to the biological absorption. Thus, the total solar heat input through the sea ice
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to the ocean was 248Wm−2 for the measured Tara data from 1 May to 16 July
2007. For the same time and area the calculated data estimate a total heat flux of
203Wm−2. After the melt season (15 August to 28 August 2007), the total solar
heat input through the ice is for both data sets approximately 42Wm−2.
4.4.2. Sensitivity study I: Changing length of melt season
Large discrepancies in the dating of melt onset are found to be the main reason
for the mismatch between observed and calculated transmittance and transmitted
light. Thus, a sensitivity study focusing on the influence of timing and length of the
melt season on the solar heat input to the upper ocean is set up. Table 4.2 gives an
overview about the implemented studies with the resulting transmittances and total
solar heat fluxes under the Arctic sea ice cover. Since the developed method is based
on measurements for the 2011, all following experiments are performed for this year.
For the study to lengthen the melting period, the day of early melt onset and melt
onset is shifted backward (earlier in the year) or the day of early freeze up and the
(continuous) freeze up is shifted forward (later in the year). 7 days earlier EMO
and MO affect mainly the month of high ice concentration and high solar surface
irradiance and result in an increase in total annual solar heat input through the
ice to the ocean of 9% from 20.7× 105Wm−2 to 22.6× 105Wm−2 for the entire
year 2011. Thus, in April and May the strongest increases of about 21 to 22% is
obvious compared to the reference melt onset dates. The transmittance for August
changed slightly from 0.084 to 0.085 due to few areas where EMO/MO occurred
only in August or later that year.
Figure 4.7.: Changes in solar heat input through the Arctic sea ice due to shifting
the EMO/MO 14 days backwards compared to the default system. (a)
Absolute variations [Wm−2], (b) relative variations [%/a].
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Shifting the melt season in turn another 7 days (total 14 days) backward with
the resulting mean EMO on 1 May and MO on 16 May, the increase of the solar
heat flux under the ice more than double compared to the 7-day shift. Hence, the
total annual heat input through the ice to the ocean increases by 20% to about
24.8× 105Wm−2 for the entire year. The pronounced increase is most evident in
April with an increase of about 100% relating to the reference system, so a shift
from 0.33× 105Wm−2 to 0.67× 105Wm−2 is calculated. The strongest absolute in-
crease of 2.1× 105Wm−2 (transmittance from 0.054 to 0.067) is observed in June.
Considering the impact of dating EMO/MO 14 days earlier compared to the default
values, the largest variations of solar heat input to the upper ocean are found in
the marginal sea ice zone, adding up to more than 100% (Figure 4.7b). However,
strong correlation is observed between deviations and the supposed sea ice class
(Figure 4.7a). Largest deviations of more than 500Wm−2 are found in areas of
melting sea ice, especially in the Chukchi Sea, whereas areas with dominating MYI
are much less affected (up to 150Wm−2). Variations of solar heat fluxes under FYI
range from 150Wm−2 to 300Wm−2.
In comparison, the melt season may be extended by a 14 day later onset of freezing
without changing EMO/MO. That amounts a 2% increase for the total flux from
20.7× 105Wm−2 to 21.0× 105Wm−2. Since the solar angle is too small to have
any significant effect, the change in the end of the melt season affects just parts of
August and September (increase of 35% with an increase from 0.31× 105Wm−2 to
0.42Wm−2).
Figure 4.8 shows Arctic-wide variations due to a 14 day later FO. Modifications in
the central Arctic (excluding the Canadian Arctic Archipelago) range from −7 to
Figure 4.8.: Changes in solar heat input through the Arctic sea ice due to shifting
the EFO/FO 14 days forwards compared to the default system. (a)
Absolute variations [Wm−2], (b) relative variations [%/a].
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7%, with positive variances in the area of the Greenland Arctic Basin, where high
solar irradiance and sea ice concentration prevail. In regions of FYI transitioning
to new MYI, the deviation is generally limited to 2% due to the predominantly low
sea ice concentration.
If sea ice is formed after the EFO, it is masked as newly formed FYI and has a higher
transmittance than FYI. A later EFO causes a longer existence of FYI and thus, a
higher transmittance but a decreasing total annual solar heat flux through the sea
ice in these regions. Thus, negative variances occur in areas of newly formed sea ice.
A 14 days later EMO/MO, and thus a shorter melt period, results in an increasing
solar heat input through the ice to the ocean by 13% to 18.1× 105Wm−2 com-
pared to the reference set up. April is again the month with the highest relative
change detected by a decrease of about 24%. Due to the highest sun elevation, the
strongest absolute decrease in solar irradiance under the sea ice cover occurs again
in June where the total flux decreases from 8.10× 105Wm−2 to 6.66× 105Wm−2.
To summarize, it is shown that a change of the beginning of the melting period
has a 14 times bigger impact than changes of the begin of the freeze up period
concerning the generated change in the total transmitted heat fluxes. Reasons and
consequences are discussed in Chapter 5.
4.4.3. Sensitivity study II: Changing transmittance and melt pond
fraction
In the previous section, the influence of the melt season duration and timing on the
light distribution under Arctic sea ice are shown. Another factor for the solar heat
input through the ice to the ocean is the transmittance of the sea ice and the related
melt pond fraction. The following sensitivity study quantifies the influence of both
parameters on the resulting fluxes. To study the effect of transmittance, in the first
experiment the transmittance of pure and ponded ice is changed by 10% relatively
for the period from EMO to FO+60 days. For the second experiment, only the
transmittance of bare ice is increased of 10%. The changes are implemented for
the entire year except the winter period due to low light conditions. The resulting
transmittances and total solar heat fluxes under the Arctic sea ice are compiled in
Table 4.3. All experiments are performed again for 2011.
The result of the reduced pure and ponded ice transmittance is a decrease of the so-
lar heat flux through the Arctic sea ice of 8% to a total flux of 19.1× 105Wm−2. As
expected, the strongest reduction in solar heat input is in June (−0.7× 105Wm−2)
and the weakest one in April (−0.01× 105Wm−2). An increase in transmittance
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of 10% affects the change in solar radiation under the sea ice in the same way.
The total solar heat input to the upper ocean increases in that case by 9% from
20.7× 105Wm−2 to 22.4× 105Wm−2. The maximum absolute changes in total
solar irradiance are observed in June and July with deviations compared to the
reference set up of 0.58 and 0.68× 105Wm−2, respectively.
Changing only the transmittance of the bare/white ice layer (excluding the melt
ponds), the changes in solar radiation through the sea ice to the upper ocean are
much weaker than for the both components od ice and melt ponds. Both, increas-
ing and decreasing the sea ice transmittance of 10% causes changes of about 2% of
the heat flux under the sea ice cover. Thus, an increase in transmittance implies a
total solar heat input through the sea ice to the ocean of about 21.1× 105Wm−2,
whereas a decrease leads to 20.4× 105Wm−2. The changes are broadly homoge-
neously distributed around the year with variations of 0 to 5% per month in the
solar radiation under the ice cover. The absolute changes range at this point from
0.01× 105Wm−2 in April to 0.15Wm−2 in June.
Comparing the calculated variations due to changes in transmittance of bare and
ponded ice and in transmittance of bare ice only, it is obvious that the bare ice
transmittance has a crucially small impact. Hence, only 24% of the increase in
the solar radiation under Arctic sea ice are caused by the increasing transmittance
of bare ice. The remaining variance is caused by the changing transmittance of
ponded ice.
An increase of the melt pond fraction by 10% (1.1 times the default melt pond frac-
tion) leads to an increase of the total solar heat input to the upper ocean by about
5% (i.e. up to approximately 21.8× 105Wm−2). The effect approximately scales
linearly, hence increasing the melt pond fraction by 20% results in an increased
heat flux of 22.8× 105Wm−2, which equals an increase by 10%. In contrast, de-
creasing the melt pond fraction by 20%, the derived available solar radiation under
ice declines also by 10%. Both for increasing and decreasing melt pond fractions,
June shows the largest variations due to the maximum in solar surface irradiance.
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5 | Discussion and conclusions
The aim of the thesis is to develop a description of the seasonality of light trans-
mittance through sea ice in order to provide estimates of the solar heat input to the
upper Arctic ocean, spanning the entire year. For summer conditions, the analysis is
based on ROV measurements from the ship-based TransArc field campaign in 2011.
For the remainder of the year, other field campaigns as well as estimates based on
physical considerations regarding optical properties of ice and snow provide the ba-
sis for the analysis. Combining the derived parameterizations for the transmittance
with reanalysis and satellite date, Arctic-wide estimates of available light under sea
ice have been obtained. The approach to modeling the optical properties of the
Arctic sea ice cover for the whole year includes an ice type classification (distin-
guishing FYI and MYI) and additional data on the onset of melting and freezing
season, respectively. This approach is necessary as to accommodate the lack of
time series of large-scale sea ice thickness and snow depth data sets. Furthermore,
studies on seasonality of the under ice solar irradiance as well as time series anal-
ysis to discover trends have been carried out. In the following, seasonality, trend
and future development of light transmission, as well as limits of applicability and
related uncertainties are presented.
5.1. Seasonality of light transmission
Assessing solar heat fluxes under Arctic sea ice for 2011, the annual cycle decom-
poses into three phases: (1) winter (October to March), (2) mainly solar surface
radiation-affected months (April to June) and (2) mainly ice-type-affected months
(July to September). Since 99% of the total annual solar heat input through the
sea ice is observed from April to September, winter can be neglected for the con-
sideration of the seasonal light distribution under sea ice.
From April to May, the solar heat flux under sea ice is mainly affected by the oceanic
inflow regimes of the Barents Sea and Fram Strait. Due to the imported oceanic
heat flow, the ice is thinning in that region from below. The subsequent melting of
the ice and snow in the marginal sea ice zone during the first weeks of available sun
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light results in relatively high heat fluxes of up to 34.6Wm−2 through the sea ice
cover. During this time, the optically thick snow is converted to melting snow and
the distinction between FYI and MYI becomes clearly apparent, as well as differ-
ences between melting and persistent ice. Although melting sea ice contributes less
than 40% to the total sea ice in June, it accounts for more than 55% of the under
ice heat flux for that month. As solar elevation angle decreases in July, differences
between thick MYI and thinner FYI become more pronounced.
Hence, it is found that in August 2011 only one third of the total monthly solar
heat input to the upper ocean is transmitted through MYI (0.92× 105Wm−2) and
about two thirds through FYI (1.76× 105Wm−2). Considering in addition the de-
velopment of the sea ice age during the last decades (Chapter 1.2, Maslanik et al.
[2007]), a decrease in MYI coverage as well as a total disappearance of ice older
than 4 years is clearly indicated. Consequently, the shift towards more FYI implies
a higher solar heat input through the sea ice cover for the next years [Nicolaus et al.,
2012].
In general, it is shown that the seasonal regional distribution of light under Arctic
sea ice is strongly affected by the regional distribution of solar surface irradiance
which is influenced by the cloud cover, by the dominant sea ice type and especially
by the snow cover on top. Based on these results, May to August can be considered
as the most important months regarding the transmittance of Arctic sea ice and
the energy budget, as 96% of the total annual solar heat input occurs during this
time.
Compared to the monthly mean solar heat fluxes through the sea ice to the ocean
calculated from SHEBA data presented in Huwald et al. [2005], the fluxes calculated
in this thesis are half of that for the transition time (April/May). For the following
time, the variation of about 10% is in a similar range with the SHEBA data. The
differences during April and May might be caused by the assumed constant trans-
mittance of ice and snow of 0.08. The transmittance might be much lower due to
a still big amount of optically thick snow for this time frame.
Hudson et al. [2013] present measured heat fluxes and calculated transmittances
and albedo of Arctic FYI in the time range of the end of July to beginning of
August 2012. Although the derived albedo of ponded (0.21) and white ice (0.55)
fit reasonable good with those calculated in Nicolaus et al. [2012] (ponded: 0.21,
white: 0.51), the resulting transmittances differ significantly (Nicolaus et al. [2012]:
0.22, 0.04; Hudson et al. [2013]: 0.32, 0.11). Also the calculated mean transmit-
tance of FYI of 0.087 in this thesis is approximately 50% lower than the one found
by Hudson et al. [2013] of 0.16. These lower values occur despite assuming a lower
melt pond fraction (23% vs. 26% in this thesis). The differences are on the one
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hand caused by a thinner sea ice cover in July/August 2012 [Hudson et al., 2013]
than in August 2011 [Nicolaus et al., 2012] (mean ice thicknesses of 0.8m compared
to 1.26m). On the other hand, the different way of deriving the transmittances in
both cases leads to the large differences. Nicolaus et al. [2012] use modal values de-
rived from the histogram (see Figure 3.1) representing kind of level ice (white and
ponded ice) conditions, whereas Hudson et al. [2013] calculate an average albedo
and transmittance for each surface type.
5.2. Weaknesses and possible improvements of the
presented method
The transition periods from spring to summer and summer to autumn are the crit-
ical phases of the year for the calculation of solar heat fluxes under Arctic sea ice.
On the one hand, this is caused by the existing and changing layer of snow, which
affects the light distribution under different types of sea ice crucially. On the other
hand, validation studies based on the Tara field campaign in 2007 show large dif-
ferences and uncertainties between the measured field data and the calculated data
with the method concerning the timing of the melt season. These differences in the
EMO and EFO lead to variances in the results of up to 70% in the solar heat flux
through the sea ice cover during this transition time. Thus, the timing and duration
of the melt season have a crucial impact on the light distribution under Arctic sea
ice. Due to the low solar surface irradiance during winter time, the uncertainties
and errors for the calculations are much lower than during summer.
To study the effect of the timing of the melt season, sensitivity studies have been
performed. Therefore, EMO and EFO were shifted backward and forward. It is
shown that an EMO/MO timed 14 days earlier in the year has a much bigger im-
pact on the solar heat input through the ice to the ocean (increase by 20% for total
annual heat flux) than an EFO/FO timed 14 days later (increase by 2%). The
changes in solar heat input due to the shifting EMO/MO are significant mostly for
the monthly budget from April to June related to an increasing solar elevation angle
and a thinning sea ice cover during this time. Also the comparison with the Tara
data set shows especially for the period between EMO and the begin of summer
melting large differences. Thus, the total heat flux through the sea ice calculated
with the presented method obtains only 81% of the total measured flux under sea
ice during Tara from 1 May to 15 July. These differences are mainly caused by the
high variability of the melt onset data set and the consequently shift of about 2
weeks between the observed melt onset during Tara and the used one for the cal-
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culation. Besides, uncertainties regarding the selection of the transmittances must
be taken into account. For the transmittance of pure and ponded ice respectively
one mode (in all cases the strongest mode) is selected to present the particular ice
type.
Furthermore, Rösel & Kaleschke [2012] emphasize that the previous validations for
the melt pond data set are not sufficient. The presented sensitivity study concern-
ing a changing melt pond fraction (±20%) show changes in the total solar heat
input through the ice to the ocean in the range of ±10%. In addition, Rösel &
Kaleschke [2012] point out an increase in the relative melt pond fraction of about
2.4% between 2000 and 2011. That increase leads also to an extension of the melt
season due to its increased energy input.
Furthermore, it must be considered that all data sets used here include uncertainties
and errors which are accumulated in the presented method. Thereby, the overall
highest uncertainties stem from dating the melting and freezing phase as shown be-
fore. Due to this fact, the given variations by the shift of the melt onset are assumed
as the uncertainties of the presented method. Figure 5.1 shows the total annual
solar heat input to the ocean in 2011, as well as the associated uncertainty estimate.
Considering the shown weaknesses, it must be considered whether it is reasonable
to use the data set of melt and freeze onset dates or whether the usage of additional
data sets could improve the current method. Those additional data sets could in-
clude on the one hand satellite data products concerning the ice thickness or surface
temperature to involve further information about changing surface properties. On
the other hand, enhanced knowledge about snow thickness and properties could be
obtained by additional large-scale observations focused on an all-season coverage of
data reached e.g. by buoys and drift stations (as SHEBA or TARA). Also ROV
Figure 5.1.: (a) Total annual solar heat input through the sea ice to the ocean [Wm−2]
and (b) its error estimate [%/a].
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measurements as presented in Nicolaus et al. [2012] performed earlier in the year
could help to improve and validate the new method concerning the optical proper-
ties of sea ice and snow. By combining all these data sets a more precise detection of
the begin and the end of the melt season is expected. Further airborne observations
and measurements could also improve and validate the detection of melt ponds on
Arctic sea ice.
5.3. Trends of light transmission from 1979 to 2011 and
future implications
The development of the solar heat flux through the Arctic sea ice during the past
decades indicates an obvious increase. However, these changes are not homoge-
neously distributed but rather vary spatially. The strongest increase is shown in
the Chukchi Sea as well as in the area of the East Siberian Sea. Reason might
be no appreciably changes in sea ice surface properties but an obvious extended
melt season. These developments imply an increase in transmittance (August 1979:
0.057, August 2011: 0.084) of the ice. Assuming an identical sea ice extent in 1979
as in 2011, the increase in the annual mean solar heat flux through sea ice amount
to 53% from 1979 to 2011.
Considering the presented results, it should be noted that the input data sets for
the sea ice concentration and the melt and freeze onset consist of different data
products because of changes in measuring and processing methods. Nevertheless,
these changes are not noticeable in the consideration of the mean values for the
entire Arctic. The results have therefore not been corrected with respect to discon-
tinuities or similar artifacts.
Comparing the results with the development the solar heat input into the ice in
Perovich et al. [2011], a weaker trend in the contribution of solar heat to the ocean
compared to the solar heat input through the ice is evident. That different behavior
is an indication of an increasing bottom and internal melt during the last decades
and thus, affecting the sea ice mass balance. The increasing absorption of Arctic
sea ice through a trend towards more seasonal and less multi year ice is also given
in Nicolaus et al. [2012].
Maslanik et al. [2007] finds an obvious change in sea ice age during the past decades.
It is shown that the amount of MYI decreases rapidly with an almost complete dis-
appearance of ice older than 4 years. Hence, in 2011 only one third of the solar
heat input through the sea ice is transmitted through MYI.
While the snow on MYI is accumulating through the entire fall and winter, at the
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same time, the FYI is only forming, so less snow accumulates on newly formed sea
ice. Related to a thinner snow cover on FYI, the formation of melt ponds during
the spring and summer melt occurs much earlier in the season than on MYI. The
increasing melt pond fraction on Arctic sea ice between 2000 and 2011 has been
shown in Rösel & Kaleschke [2012]. A thinning of sea ice and more and deeper melt
ponds on the sea ice surface lead to a deeper light penetration to the underlying
ocean layer. Frey et al. [2011] show that light transmission through melt ponds have
their maximum at the underside of the ice, followed by an monotonically decrease
with depth. In contrast, the depth profiles under bare ice show the influence of
relatively large light transmission through the adjacent melt ponds. That results
in an increase of transmitted heat flux with depth up to a maximum of 5 to 10m
(depending on geometry), followed by an exponential increase with depth. Con-
sequently, a higher melt pond fraction influences not only the light transmission
through the melt ponds but rather the vertical light field under the adjacent bare
ice fields. Beside important implications of the available light for the primary pro-
duction and biogeochemical processes beneath the sea ice, also the temperature of
the upper ocean mixed layer is increasing. Consequently, physical processes like
bottom and internal melting become more important which result in an additional
increase in transmittance of the sea ice. These feedback processes can be summa-
rized as a ’transmittance-melt feedback’: An increase of light transmission through
sea ice imply an increasing internal and bottom melting which leads to a further
increasing transmittance. The extended melt season leads furthermore to the possi-
bility of forming of more leads and polynyas. These sea ice features allow the direct
interaction between the atmosphere and ocean and thus, act as an important heat
exchange and deposit area for the region. Hence, the lateral melting is increasing as
well. In addition, higher melt pond fractions and thinner (so consequently darker)
ice imply an increasing light absorption of sea ice resulting in a decreasing reflection.
Sensitivity studies indicate that especially the timing and length of the melt season
have the most important impact on the annual solar heat flux under Arctic sea ice.
Between 2007 and 2011 the begin of the melt season shifted almost one week for-
ward implying an increased mean transmittance from 0.075 in August 2007 to 0.084
in August 2011. Assuming for the future the same positive trend in the EMO, the
solar heat flux through the ice to the ocean will presumably increase until 2015 by
about 9% due to a lengthened melt season. The increasing amount of heat under
the sea ice cover implies also an increasing bottom melt and thus, an increasing
transmittance and decreasing reflection of the sea ice. Altogether, this implies an
amplification of the ice-albedo and transmittance-melt feedback. Furthermore, a
thinner sea ice cover means also a stronger heat transport from the sea ice bottom
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to the atmosphere during the freezing phase. Hence, the sea ice grows faster and
is able to get thicker again, so the transmittance is decreasing and the albedo is
increasing again. At which point that reversal to a decreasing transmittance and
increasing albedo will occur, can not be answered in this thesis. It can be assumed
that the impact of transmitted heat fluxes though the ice will become more and
more important. This affects not only the mass and energy balance of sea ice,
oceanic currents and stratification, but also biological processes in and under the
sea ice.
All data sets used for this analysis are going to continue for the next years. Fur-
thermore, model data could be used as input values for the calculations as well as
an additional validation data set. Additionally, the developed parameterization of
the transmitted fluxes could be involved in already existing models.
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A | Regions of the Arctic Ocean
Figure A.1.: The Arctic Ocean and its labeled main seas. Figure is based on Serreze
& Barry [2005].
I
B | Seasonality of sea ice concen-
tration and surface solar ra-
diation in 2011
II
Figure B.1.: Sea ice concentration from January to December 2011 (sea ice concen-
tration bigger than 15%.
III
B. Seasonality of sea ice concentration and surface solar radiation in 2011
Figure B.2.: Solar surface radiation from January to December 2011.
IV
C | Mean total surface solar irra-
diance from 1979 to 2011
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